1. Introduction {#sec1-ijms-21-03462}
===============

Porphyria is a group of hereditary metabolic defects in heme biosynthesis that involves eight functionally interlocked enzymes required for the conversion of glycine and succinyl-coenzyme A to heme \[[@B1-ijms-21-03462]\]. Heme is required for a variety of hemoproteins that are synthesized in response to metabolic needs. The hemoglobin synthesis in erythroid precursor cells accounts for about 85% of the daily heme synthesis in humans. Hepatocytes account for most of the rest, primarily for synthesis of cytochrome P450 enzymes \[[@B2-ijms-21-03462]\]. In erythroid cells, the synthesis of heme is regulated, during erythroid differentiation, by erythropoietin and iron availability. In the liver, the heme synthesis is under a negative feedback regulation by the intracellular uncommitted heme pool \[[@B3-ijms-21-03462]\] ([Figure 1](#ijms-21-03462-f001){ref-type="fig"}).

The selective blockage at specific enzymatic steps results in the overproduction and accumulation of heme intermediates such as 5-aminolevulinic acid (ALA), porphobilinogen (PBG) and uro, copro, or proto porphyrins. The degree of overproduction of intermediates is dependent on the degree of stimulation of the system by endogenous or exogenous stressors that induce the housekeeping and erythroid-specific 5-aminolevulinate synthase enzymes (ALAS-1 and ALAS-2), which catalyze the first step in heme biosynthesis \[[@B4-ijms-21-03462]\].

Each type of porphyria has a unique pattern of accumulation and is associated with characteristic clinical features. Evidence suggests that the porphyrin precursors (ALA and PBG) cause symptoms by injuring neurons, while the porphyrins cause symptoms by injuring the skin \[[@B5-ijms-21-03462]\]. The porphyrias are classified as acute if patients present with neurovisceral acute attacks and as cutaneous if they present with blistering or photosensitivity of the skin.

Also, porphyrias are classified as hepatic or erythropoietic according to the major site of expression of enzyme deficiency and overproduction of heme precursors \[[@B6-ijms-21-03462]\]. The term of acute hepatic porphyria (AHP) is used for four disorders: ALA dehydratase deficient porphyria (ADP), acute intermittent porphyria (AIP), hereditary coproporphyria (HCP), and variegate porphyria (VP), although HCP and VP can also be associated with only skin lesions. Porphyria cutanea tarda (PCT) is a hepatic cutaneous porphyria. While the group of erythropoietic cutaneous porphyria (ECP) includes the common and the rare X-linked form of erythropoietic protoporphyria (EPP and XLP), congenital erythropoietic porphyria (CEP) and the hepatoerythropoietic porphyria (HEP), which is the homozygous recessive form of PCT \[[@B7-ijms-21-03462]\] ([Figure 1](#ijms-21-03462-f001){ref-type="fig"}).

The red circle represents the heme biosynthetic pathway with the abbreviations of each enzyme in the red boxes. The iron is internalized in the porphyrin ring by ferrochelatase enzyme (FECH) to give heme, which negatively regulates the *ALAS-1* gene in hepatocyte (black dotted line). The black arrow points out the iron positive feedback on the *ALAS-2* gene in erythrocytes. Each enzyme is assigned with a panel that reports the corresponding porphyria. The blue panels represent the cutaneous porphyrias and the green panels represent acute porphyrias. In the purple boxes, we summarize nutrients (glucose); micronutrients (vitamin B6, C, D, E, and Beta-carotene) and minerals (iron) that are described in this review for each form of porphyria.

2. Diet {#sec2-ijms-21-03462}
=======

Although enzyme deficiencies in acute hepatic porphyrias are usually inherited, the enzyme deficiencies alone do not cause the disease. Additional factors that lead to a critical deficiency in the regulatory pool of heme within hepatocytes determine the disease manifestations \[[@B8-ijms-21-03462]\]. Moreover, it is widely accepted that increased excretion of ALA and PBG is not necessarily correlated with symptoms even though excretion of these metabolites is further increased during an acute attack. Also, a marked fluctuation in the excretion of ALA and PBG from day to day is found in symptomatic and asymptomatic AHP patients.

A stabilization in urinary levels of these metabolites was reported in AIP patients following a diet regimen that included a balanced content of protein, fat, and carbohydrate to maintain weight \[[@B9-ijms-21-03462]\]. Moreover, the same author reported that the reduced calorie intake to 60--80 percent and the isocaloric substitution of fat for protein alone or for protein together with carbohydrate were associated with increased excretion of both porphyrin-precursors. Considering the marked decrease in PBG excretion due to the addition of carbohydrate in the diet, they concluded that the fluctuation in the excretion of porphyrin-precursors is related to protein and carbohydrate intake rather than total caloric content per se.

Interestingly, increased calorie intake has been reported to be negatively correlated with urinary PBG levels in AIP patients suggesting that also the total energy intake affects the biochemical disease activity \[[@B10-ijms-21-03462]\].

Recently, nutritional assessments of VP and AIP patients have been carried out using validated questionnaires that included a 24 h recall during 7-day dietary record \[[@B11-ijms-21-03462]\]. No significant differences were observed in the nutrient intake and food pattern between symptomatic patients compared to asymptomatic carriers of VP \[[@B12-ijms-21-03462]\]. Moreover, no difference in sugar, candies, or slow-release carbohydrate foods intake was found between the asymptomatic and symptomatic AIP cases \[[@B10-ijms-21-03462]\]. On the contrary, significantly lower intakes of lipids, saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA) were detected in AIP patients than in matched controls \[[@B13-ijms-21-03462]\]. However, energy, protein, carbohydrate, polyunsaturated fatty acids (PUFA), cholesterol, and daily fiber intakes were reported to be similar in both groups \[[@B13-ijms-21-03462]\].

Despite this, it has been reported that hypercholesterolemia may be present in AHP patients although without atherogenic potential \[[@B14-ijms-21-03462]\]. In order to improve the results of a diet study, it would be useful to use the gold standard method such as DEXA (dual-energy X-ray absorptiometry) for the calculation of basic metabolism and a direct approach through expert nutritional assessment \[[@B15-ijms-21-03462]\]. In summary, the changes in diet can alter the excretion of porphyrin-precursors in AHP patients. However, especially considering the lack of toxicity of ALA and PBG \[[@B16-ijms-21-03462]\], it should not be concluded that changes in diet are capable of affecting the clinical disease activity.

3. Glucose {#sec3-ijms-21-03462}
==========

The therapeutic effect of glucose in patients with AHP is well documented \[[@B17-ijms-21-03462],[@B18-ijms-21-03462]\]. Carbohydrate loading is widely used not only for the treatment but also in the prophylaxis of the acute attack. Moreover, fasting is one of the precipitating factors in the AHP crises \[[@B19-ijms-21-03462]\]. The addition of glucose to cultured chick embryo hepatocytes and the carbohydrate feeding in rats have been first reported to cause a concentration-dependent impairment of drug-mediated induction of ALAS-1 enzyme \[[@B20-ijms-21-03462],[@B21-ijms-21-03462]\].

Successively, Handschin et al. revealed that PGC-1α (peroxisomal proliferator-activated cofactor 1α), a transcriptional co-activator of nuclear receptors and other transcription factors, is a key player in both porphyria induction via fasting and amelioration of symptoms by glucose treatment \[[@B22-ijms-21-03462]\]. Using mice with a liver-specific deficiency in PGC-1α and isolating primary hepatocytes, they demonstrated the ability of this factor to increase markedly the production of *ALAS-1* mRNA. Furthermore, the authors also established the effect of glucose loading in reducing the *ALAS-1* transcript levels 30 min after injection. The combination of glucose and insulin was more potent in inhibiting fasting-mediated induction of PGC-1α and ALAS-1, supporting the hypothesis that at least part of the beneficial effect of glucose in AHP attacks is mediated by the glucose-triggered increase of plasma insulin.

The induction of PGC-1α during fasting is due to glucagon action on the cAMP response element-binding transcriptional factor (CREB), which binds directly to the *PGC-1α* promoter \[[@B23-ijms-21-03462]\]. Also, the direct activation of the *ALAS-1* promoter by CREB was described \[[@B24-ijms-21-03462]\]. Moreover, it has been established that the insulin pathway involving the protein kinase B (Akt) in the liver inhibits *ALAS-1* transcription \[[@B25-ijms-21-03462]\]. It is also known that the activated Akt, in turn, phosphorylates the transcriptional factor FOXO1 (Forkhead box protein O1) disrupting its binding to PGC-1α \[[@B26-ijms-21-03462],[@B27-ijms-21-03462]\]. Then, it was believed that the activation of *ALAS-1* expression by PGC-1α is due to the co-activation of FOXO1, which binds to the insulin-response element in the promoter of *ALAS-1* and this interaction can be disrupted by insulin signaling \[[@B28-ijms-21-03462]\] ([Figure 2](#ijms-21-03462-f002){ref-type="fig"}).

However, discordant data have been reported on this aspect. An in vivo study indicated that the serum glucose level was unchanged, but fasting insulin levels were higher and the glucagon was lower in mice with AIP than in the wild-type mice \[[@B29-ijms-21-03462]\]. Moreover, the drug-mediated induction of ALAS-1 significantly disturbs the hormonal status that regulates carbohydrate metabolism by increasing insulin levels while decreasing glucocorticoids synthesis, metabolization, and plasmatic levels in animal models \[[@B30-ijms-21-03462]\]. Also, the finding that AIP patients with acquired type 2 diabetes mellitus did not longer have symptoms of AIP supports the protective role of elevated blood glucose levels \[[@B31-ijms-21-03462]\]. On the contrary, symptomatic AIP patients showed decreased insulin release and C-peptide levels in plasma associated with increased disease activity, indicating that a decreased glucose uptake by cells may explain accelerated heme synthesis \[[@B32-ijms-21-03462]\]. Fasting insulin is lower, and the glucose/insulin ratio is higher in AIP patients with high urinary PBG levels than in patients with low urinary PBG levels \[[@B10-ijms-21-03462]\].

At the same time, the screening of serum hepatic proteins revealed that a significant number of AIP patients presented a decrease in insulin-like growth factor 1 IGF-1, transthyretin (prealbumin) or both \[[@B33-ijms-21-03462]\]. Due to its structural similarity with insulin, IGF-1 interacts with insulin receptors and has insulin-mimicking effects. Besides, transthyretin and IGF-1 are useful markers for predicting nutritional status and are known to decrease during inflammation or liver disease \[[@B34-ijms-21-03462],[@B35-ijms-21-03462],[@B36-ijms-21-03462]\]. The decrease in transthyretin and IGF-1 levels in AIP patients therefore could reflect a metabolic disturbance restricted to the liver and/or the existence of chronic liver inflammation. A higher resistin level in the symptomatic than in the asymptomatic AIP patients and its positive correlation with leptin levels may indicate that inflammation, adipokines, and hormones affecting insulin resistance may be involved in higher disease activity \[[@B10-ijms-21-03462]\]. However, most inflammatory biomarkers and cytokines were not correlated with ALA, PBG or porphyrin levels \[[@B32-ijms-21-03462]\].

Conversely, accelerated protein degradation, decreased rate of synthesis of liver proteins and increased amino acid catabolism and nitrogen loss may be secondary to inflammatory disease because of increased metabolic demands \[[@B37-ijms-21-03462]\]. Thus, a change in liver energy metabolism in AIP patients could support the induction of ALAS-1, thereafter, worsening the symptoms of the disease and contributing to the persistence of the clinical manifestations. It was also found that liver graft recipients from an AIP patient developed AIP symptoms and increased PBG levels \[[@B38-ijms-21-03462]\] and that liver transplantation in severe AIP and VP patients normalizes the excretion of ALA and PBG \[[@B39-ijms-21-03462],[@B40-ijms-21-03462]\] confirming the importance of the liver in the pathophysiology of this disease.

The activation of PGC-1α takes place through fasting and glucagon release that links its receptor (GLR) with consequent ATP reduction by adenylate cyclase in cAMP in the cytosol of hepatocytes. In turn, it leads to the activation of protein kinase A (PKA). In the nucleus of hepatocyte, the active form of PKA leads to the activation of transcription factor CREB that links the active site of CRE on *PGC-1α* gene promoter. The PGC-1α and FOXO-I bind together with the insulin responsive element (IRE) site on the *ALAS-1* gene promoter, inducing transcription. The introduction of glucose and subsequent production of insulin, detected from membrane Insulin Receptor (IRs), lead to the phosphorylation of FOXO-I by the intervention of PI3K and AKTP. Phosphorylated transcriptional factor FOXO is carried out of the nucleus inhibiting the synergistic activation with PGC-1α on the *ALAS-1* promoter.

4. Iron {#sec4-ijms-21-03462}
=======

Iron is classified as a nutritional and fundamental microelement required for oxygen transport, electron transfer, oxidase activities, and energy metabolism. The major intake of iron is through the diet. Foods that contain a relatively high concentration of iron include meat, fish, cereals, beans, nuts, egg yolks, dark green vegetables, potatoes, and fortified foods. The median dietary intake of iron in adults ranges between 9.4 and 17.9 mg/day (higher in males compared to females) with the average basal iron loss ranges 0.95--5.9 mg/day in men and 1.34--7.4 mg/day in women. Nutrient composition data for iron are derived from the European Food Safety Authority (EFSA) Nutrient Composition Database \[[@B41-ijms-21-03462]\].

Iron has a central role in heme biosynthesis and also in erythropoietic cutaneous porphyria due to the positive feedback between iron and ALAS2, the first enzyme of erythroid heme biosynthesis. Moreover, it serves as a substrate of the ferrochelatase enzyme in the last step of the heme pathway. Iron deficiency can occur in EPP and XLP patients \[[@B42-ijms-21-03462]\]. While iron overload is reported in PCT (in 90% of patients) \[[@B43-ijms-21-03462],[@B44-ijms-21-03462]\] and CEP (all patients) \[[@B45-ijms-21-03462]\]. The presence of hepatic iron in PCT patients has been associated with hemochromatosis (HFE) gene mutations, hepatitis C (HCV), and human immunodeficiency (HIV) viral infections. The presence of hepatic iron generates a UROD inhibitor, uroporphomethene, identified in the human liver biopsies of patients with PCT \[[@B46-ijms-21-03462]\].

The presence of intracellular iron also has a strong impact on the cellular redox status leading to an increase in oxidative status in these patients. Interestingly, a study on the dietary intervention was performed on a group consisting of 13 male PCT patients to decrease iron overload. Patients were evaluated for different parameters including serum iron level, before and after three weeks of the vegetable--fruit diet, and its daily caloric content was ca. 500 kcal/day. The results showed a significant decrease in iron and ferritin levels after dietary caloric restriction \[[@B47-ijms-21-03462]\]. Given that, dietary caloric restriction could be used in support of phlebotomy (specific therapy for the reduction of porphyrins in the blood) in order to reduce iron overload as suggested in the latest review on PCT \[[@B48-ijms-21-03462]\]. Future studies on the reduced intake of iron-rich foods should be carried out.

Iron overload in CEP patients is due to ineffective erythropoiesis that characterizes this disease and blood transfusion therapy. Dietary iron restriction in these patients has not been described because the large amount of this mineral is not ameliorable with a diet but only with iron-chelation and phlebotomy \[[@B49-ijms-21-03462],[@B50-ijms-21-03462]\].

It should be emphasized that there is no well-designed clinical trial that can establish the role of iron supplementation in EPP and XLP patients. Moreover, while the iron is a substrate of ferrochelatase (FECH), the defective enzyme in the EPP, it is the limiting substrate in XLP caused by a gain of function of ALAS2. Therefore, the response of oral supplementation could be different in the two forms of protoporphyria. Only one case of XLP was reported in which iron substitution increased hemoglobin concentration and decreased concentrations of both protoporphyrin IX (PPIX) and zinc protoporphyrin (ZnPP). Hence, iron supplementation could be useful for XLP patients with mild microcytic anemia \[[@B51-ijms-21-03462]\].

Regarding EPP, the mechanism of iron deficiency is not completely understood, and the benefit of iron supplementation is controversial \[[@B52-ijms-21-03462]\] despite the strong evidence that confirms the benefit of mild anemia on photosensitivity symptoms in EPP patients \[[@B53-ijms-21-03462],[@B54-ijms-21-03462]\]. In the literature search, six studies have shown that oral iron produced biochemical (an increase of PPIX) and clinical (increasing of photosensitivity) worsening of symptoms in EPP patients \[[@B55-ijms-21-03462],[@B56-ijms-21-03462],[@B57-ijms-21-03462]\]. By contrast, bibliographic research found two cases that described a reduction in photosensitivity during iron supplementation \[[@B58-ijms-21-03462]\].

In summary, in the presence of in vitro tests on the improvement of the clinical symptoms in anemia condition, but in the absence of clinical trials that also exclude the placebo effect, it is necessary to go deep on this controversial aspect in patients affected by protoporphyria, to realize a personalized therapy. It is important to underline that in six clinical cases reporting a negative effect of iron, patients also had a slightly compromised liver condition. Only the study of these patients will lead to the formulation of an adequate oral supplementation followed by a control regarding the dietary intake of this important vital microelement.

5. Vitamins {#sec5-ijms-21-03462}
===========

5.1. Vitamin B6 {#sec5dot1-ijms-21-03462}
---------------

Vitamin B6 (pyridoxine) is a water-soluble vitamin that is important for the normal functioning of multiple organs. Vitamin B6 is found mainly in animal foods (meats, fishery products, offal, etc.) as well as in vegetables (whole unprocessed cereals, legumes, oilseeds, etc.). Vitamin B6 deficiency is quite rare and is associated with other avitaminosis or hypovitaminosis \[[@B59-ijms-21-03462]\] ([Table 1](#ijms-21-03462-t001){ref-type="table"}). It is metabolized to pyridoxal-5-phosphate (PLP), an active molecule, which serves as a coenzyme for more than 100 enzyme reactions including neurotransmitter production, protein, glucose, lipid, and amino acid metabolism \[[@B60-ijms-21-03462]\]. Moreover, PLP is directly involved in the first step of heme synthesis as a cofactor of ALAS, the rate-limiting enzyme for the formation of ALA \[[@B61-ijms-21-03462]\].

Experimental vitamin B6 deficiency was induced in an asymptomatic AIP patient with high excretion of heme precursors employing a synthetic diet and administration of deoxypyridoxine, a pyridoxine antagonist drug \[[@B62-ijms-21-03462]\]. The authors reported that ALA and PBG levels declined significantly during vitamin B6 deficiency and increased again following the administration of vitamin B6 without other alterations in the diet. Interestingly, a significant deficiency of vitamin B6 in the plasma and erythrocytes was reported in patients with AIP and VP \[[@B63-ijms-21-03462]\].

Also, the mitochondrial concentration of glycine, which is the first substrate in heme biosynthesis was found to be inversely proportional to vitamin B6 intake \[[@B64-ijms-21-03462]\]. Different PLP-dependent enzymes are involved in glycine synthesis and catabolism, including glycine transaminase that catalyzes the transformation of glyoxylate to glycine preventing oxalate formation \[[@B65-ijms-21-03462]\]. In patients with AIP and VP, significantly elevated levels of oxalic acid (OA) in plasma and urine were also observed concomitantly with vitamin B6 deficiency \[[@B63-ijms-21-03462]\].

Through indirect evidence, Elder and Mengel suggested that an excessive metabolic requirement and use of vitamin B6 in mitochondrial heme synthesis could cause relative intracellular vitamin B6 deficiency in patients with AIP reducing the activity of cytoplasmatic PLP-dependent enzymes \[[@B62-ijms-21-03462]\]. Increased homocysteine levels in symptomatic AIP patients were also reported suggesting that the consumptive depletion of PLP due to increased demand by ALAS hyperactivity can also impair the detoxification of homocysteine \[[@B66-ijms-21-03462]\].

However, severe vitamin B6 deficiency did not impair the induction of hepatic ALAS-1 in starved animals demonstrating that the hyper activation of ALAS-1 is unlikely to produce significant depletion of plasma PLP \[[@B67-ijms-21-03462]\]. Then, low plasma levels of PLP reported in AHP patients are probably the result of factors other than increased enzyme levels. However, further extensive studies are necessary to establish the relationship with the disease activity.

5.2. β-. Carotene {#sec5dot2-ijms-21-03462}
-----------------

Β-Carotene, best known as provitamin A, is the most common reddish-orange plant pigment with fat-soluble characteristics and high levels of bowel absorption. Previous studies have shown that oral supplementation of β-carotene has some effect on human health due to its antioxidant proprieties. Many studies describe the role of β-carotene in photo-protection and its effectiveness in preventing UV-induced erythema in a healthy population \[[@B68-ijms-21-03462]\] ([Table 1](#ijms-21-03462-t001){ref-type="table"}).

Due to these properties, from 1970 to 2004, β-carotene was used for cutaneous porphyria, especially on EPP patients \[[@B69-ijms-21-03462],[@B70-ijms-21-03462],[@B71-ijms-21-03462]\]. Minder et al. in 2009 analyzed a majority of articles on β-carotene from 1972 to 1996 and summarized 16 studies on oral administration of β-carotene \[[@B72-ijms-21-03462]\]. Of these, one was a randomized controlled trial, while 15 studies were open-labeled uncontrolled studies, including 12 retrospective case reports. In all studies, the efficacy criteria were not standardized. The dose ranged from 100 to 300 mg/day in adults and from 30 to 90 mg/day in children besides normal food intake. The authors concluded that the results were strongly contradictory, and efficacy was inversely correlated with study quality.

Oral Lumitene™ (β-carotene) (120--180 mg/day) has been used to improve tolerance to sunlight in XLP, but the available data are insufficient to prove the efficacy of the treatment \[[@B73-ijms-21-03462],[@B74-ijms-21-03462],[@B75-ijms-21-03462]\]. Also, experiments on chicken eggs exposed to PPIX, irradiated with ultraviolet A (UVA), and treated with β-carotene or melanin were reported in the literature. Β-carotene treated eggs showed four times more mortality compared with melanin treated eggs suggesting the lack of efficacy of β-carotene \[[@B76-ijms-21-03462]\]. In conclusion, there is no scientific evidence that proves the efficacy of β-carotene in EPP and XLP patients even though in some of these case reports, an improvement in photosensitivity has been reported at high doses of β-carotene.

The reduction of carotenoids in the serum of PCT patients was also described demonstrating that increased use of these molecules occurs in this form of porphyria \[[@B77-ijms-21-03462]\]. PCT is characterized by high levels of porphyrins production and iron overload that are responsible for a synergistic effect in intracellular oxidative damage. Thus, the depletion of antioxidative liposoluble molecules supports the hypothesis that the beneficial effects of β-carotene may involve quenching of singlet oxygen or free radicals.

Although the application of β-carotene has long been used as a likely therapy, the use of this nutrient has disadvantages. In 2012, the European Food Safety Authority (EFSA) published a systematic literature review and meta-analysis on the benefit and toxicity of β-carotene as a nutritional supplement \[[@B78-ijms-21-03462]\]. The analysis shows nine randomized controlled trials that demonstrated an increased risk of lung and stomach cancers, particularly in smokers and asbestos workers at dose levels ≥ 20 mg/day. Therefore, the EFSA experts concluded that for the safe use, the dose should not exceed 25 mg/day in humans.

Considering this, the β-carotene doses used in EPP, XLP, and PCT patients, that is, 100 mg/day to 300 mg/day could be dangerous to human health. Moreover, it is consolidated from the latest scientific evidence that a single supplement is not as effective as the integration and interaction of multiple antioxidant nutraceuticals through a balanced diet \[[@B79-ijms-21-03462]\].

5.3. Vitamin E {#sec5dot3-ijms-21-03462}
--------------

Vitamin E or alpha-tocopherol is a lipid-soluble vitamin with antioxidant proprieties closely associated with vitamin C and glutathione reductase (GR). In particular, vitamin C regenerates the reduced form of vitamin E, which utilizes GR to convert the oxidized form of glutathione (GSSG) into its reduced form (GSH) useful to reduce superoxide anion (O2•−) and to restore oxidative balance \[[@B79-ijms-21-03462]\]. Plants naturally synthesize Vitamin E, which is contained in nuts, plant seeds and plant oils. Vitamin E absorption requires the presence of fat \[[@B80-ijms-21-03462]\] ([Table 1](#ijms-21-03462-t001){ref-type="table"}).

The chronic accumulation of heme intermediates in erythrocytes, liver, and other cell types can induce cellular damage due to their ability to produce free radicals and activate oxygen leading to oxidative stress \[[@B81-ijms-21-03462],[@B82-ijms-21-03462]\].

Antioxidant defenses and oxidative stress have been studied in some types of porphyria. Decreased plasma antioxidant vitamin levels and increased oxidative damage markers have been described in patients with PCT \[[@B77-ijms-21-03462],[@B83-ijms-21-03462]\]. Moreover, a significantly reduced activity of antioxidant enzyme catalase (CAT) and GR has been reported in neutrophils of VP patients with increased levels of plasma malondialdehyde (MDA), a marker of lipid peroxidation \[[@B84-ijms-21-03462]\]. By contrast, no differences have been found in the levels of antioxidant vitamins or oxidative damage markers in AIP patients \[[@B85-ijms-21-03462]\].

In light of this evidence, the efficacy of vitamin E supplementation in cutaneous porphyria patients can be easily understood. Also, Vitamin E is able to interact with the enzyme uroporphyrinogen decarboxylase involved in PCT to increase its activity. Patients treated with alpha-tocopherol (1 g/day) for one month showed a reduction in urinary porphyrins than that of untreated patients \[[@B86-ijms-21-03462]\]. Szekely E. et al. performed a randomized controlled study on 23 PCT patients treated with 200 mg/day of alpha-tocopherol acetate in conjunction with phlebotomy for eight weeks and demonstrated a decrease in porphyrins and an increase in sunlight exposure \[[@B87-ijms-21-03462]\]. In both studies, the measurement of parameters related to oxidative stress after supplementation was not performed.

A double-blinded crossover study was also conducted on women affected by VP. Dietary supplementation with vitamin E (50 mg/day) and vitamin C (150 mg/day) for six months ameliorated oxidative stress with a reduction in plasma MDA levels and induced the activity of CAT and GR in erythrocytes. However, no effects of supplementation were observed on oxidative damage markers or antioxidant enzyme activities in neutrophils \[[@B84-ijms-21-03462]\]. Conversely, treatment with antioxidants failed to produce beneficial results in AIP patients. As indicated by the biochemical and clinical variables monitored, neither the incidence of porphyric crisis, not the severities of the attacks were affected by the antioxidants administered \[[@B88-ijms-21-03462]\].

The serum level of vitamin E was reported significantly lower in PCT patients than in healthy controls, particularly in patients with a liver injury \[[@B89-ijms-21-03462]\]. Lower levels of vitamin E were also identified in the serum of EPP patients, and it was observed that the vitamin inhibited the in vitro photohemolysis of red blood cells \[[@B90-ijms-21-03462],[@B91-ijms-21-03462]\]. After this discovery, there was only one case report on vitamin E treatment in a 27-year-old EPP man with liver cirrhosis. Following the administration of vitamin E, the concentration of protoporphyrin in erythrocytes decreased significantly, and the liver function tests were improved, although there is no clear evidence of its role in EPP patients \[[@B92-ijms-21-03462]\].

It is widely accepted that nutrient supplementation, along with a balanced and healthy diet, can be used to improve the general health of patients with chronic illnesses \[[@B68-ijms-21-03462],[@B79-ijms-21-03462]\]. It is believed that patients with PCT, VP, and EPP may request for these supplements to increase their antioxidant capacity and to address oxidative stress due to chronic accumulation of porphyrins.

5.4. Vitamin C {#sec5dot4-ijms-21-03462}
--------------

Vitamin C exists in plasma in its reduced form as ascorbic acid. Ascorbic acid is an essential nutrient with powerful reducing proprieties. It is contained in fresh fruits and not in cooked vegetables, with different percentage depending on the season \[[@B93-ijms-21-03462]\]. It can react with superoxide, hydrogen peroxide, hypochlorite, hydroxyl and peroxyl radicals, and singlet oxygen \[[@B94-ijms-21-03462]\]. Scientific evidence suggests that vitamin C is a required factor in the DNA demethylation process \[[@B79-ijms-21-03462]\] ([Table 1](#ijms-21-03462-t001){ref-type="table"}).

Boffa et al. (1996) investigated the photoprotective effect of vitamin C in 12 EPP patients with a double-blinded, placebo-controlled, randomized, and crossover study. They found that there was no significant effect of vitamin C on sunlight tolerance \[[@B95-ijms-21-03462]\]. However, an oxidative damage with alteration of lipo peroxidation status not directly correlated to sunlight exposure was reported EPP patients \[[@B96-ijms-21-03462]\]. As for other antioxidant substances, also vitamin C supplementation could be able to improve the oxidative status in order to generate a positive effect on overall health.

Moreover, deficiency of vitamin C has been proposed to contribute to the pathogenesis of PCT \[[@B97-ijms-21-03462]\]. Several studies have shown very low levels of plasma ascorbic acid in patients with active PCT suggesting that a depletion of this molecule could be due to the high intracellular oxidative stress linked to porphyrins and iron accumulation in these patients \[[@B98-ijms-21-03462],[@B99-ijms-21-03462],[@B100-ijms-21-03462]\]. Moreover, the vitamin C deficiency in PCT patients can be explained by the latest observation that it is a powerful nutrigenetic compound able to reduce ferric iron (Fe3+) to ferrous iron (Fe2+), making it available to the catalytic site of the ten-eleven translocation (TET) enzyme. TET enzymes play an important role in DNA demethylation and gene activation, including genes of the Nrf2 antioxidant pathway. Vitamin C administration could perhaps help these patients to improve their antioxidant machinery \[[@B101-ijms-21-03462]\].

5.5. Vitamin D {#sec5dot5-ijms-21-03462}
--------------

It is a fat-soluble vitamin that plays a key role in the skeletal constitution, cardiovascular disorders, cancers, central nervous system diseases, reproductive diseases, infections, and autoimmune and dermatological disorders \[[@B102-ijms-21-03462]\]. Few naturally occurring foods such as oily fish, liver oil, egg yolks, shiitake mushrooms, liver, or organ meats contain vitamin D in the biologically inactive form \[[@B103-ijms-21-03462]\]. The first step to achieve the active form of vitamin D, 25-hydroxyvitamin D 25-OH (D) occurs in skin epidermal cells after UVB irradiation \[[@B104-ijms-21-03462]\]. For general health, the optimal serum concentration of 25-OH (D) must exceed 30 ng/mL, taking into consideration a variation in the summer season. It is well known that lower latitude and higher amounts of sunshine have been associated with a lower risk of vitamin D deficiency \[[@B105-ijms-21-03462],[@B106-ijms-21-03462],[@B107-ijms-21-03462]\] ([Table 1](#ijms-21-03462-t001){ref-type="table"}).

Between January and July 2008, vitamin D levels were analyzed in 201 EPP patients in an uncontrolled study. The serum level of 25-OH (D) was 18.32 ng/mL. A slight increase was seen in the summer but not sufficient to reach the normality value in 91% of patients considering 30 ng/mL as the minimum threshold \[[@B108-ijms-21-03462]\]. The same deficiency was reported between June and November 2007 in cross-sectional study on 48 EPP patients in Netherlands \[[@B109-ijms-21-03462]\].

In 2014, a longitudinal controlled prospective cohort study in 53 EPP patients in the United Kingdom versus 109 controls at the same latitude through the seasons confirmed a lack of 25-OH (D). In particular, during the summer season, 18% of control and 47% of EPP showed a low level of vitamin D \[[@B110-ijms-21-03462]\]. The bone mineral density (BMD) was tested in a total of 54 patients in two studies that confirm the prevalence of osteoporosis and osteopenia in EPP patients \[[@B111-ijms-21-03462],[@B112-ijms-21-03462]\].

Based on these observations and the functional role in the prevention of many diseases, vitamin D supplementation as active form cholecalciferol is recommended to prevent vitamin D insufficiency due to sun avoidance in patients affected by cutaneous porphyria. The recommended daily intake during infancy is 400 IU/day; however, after 1-year of age, the recommended daily intake is 600 IU/per day, and after 71 years of age, the recommended daily intake reaches 800 IU/day \[[@B113-ijms-21-03462]\]

6. Others Micronutrients and Minerals {#sec6-ijms-21-03462}
=====================================

Heme biosynthesis also depends on micronutrients important for producing succinyl-CoA for the Krebs (TCA) cycle, which include biotin, lipoic acid, and pantothenic acid. Biotin functions as a prosthetic group in four biotin-dependent carboxylases including propionyl-CoA carboxylase that produces succinyl-CoA. The deficiency for biotin decreases the activity of this enzyme and induces the production of methylcrotonyl-CoA that reacts with glycine \[[@B114-ijms-21-03462]\]. Thus, biotin deficiency results in the depletion of both mitochondrial succinyl-CoA and glycine for heme synthesis.

Pantothenic acid is the precursor of coenzyme A (CoA) and is important for the production of acetyl-CoA. Lipoic acid is a cofactor for the mitochondrial enzymes pyruvate dehydrogenase (PDH) and α-ketoglutarate dehydrogenase (αKGDH), which produce acetyl-CoA and succinyl-CoA, respectively \[[@B115-ijms-21-03462]\]. A deficiency of either of these may reduce heme biosynthesis through a mechanism similar to that produced by biotin deficiency.

Riboflavin (FAD) is necessary for protoporphyrinogen oxidase (PPOX) enzyme that catalyzes the formation of protoporphyrin IX while zinc is present in δ-aminolevulinate dehydratase (ALAD). Zinc deficiency, due to the inactivation of ALAD, causes the marked release of oxidants resulting in significant oxidative damage to DNA \[[@B116-ijms-21-03462]\]. Finally, copper plays a role in heme synthesis stimulating the activity of FECH and decreasing the Km for iron \[[@B117-ijms-21-03462]\]. Finally, copper deficiency increases dietary iron absorption \[[@B118-ijms-21-03462]\].

7. Conclusions {#sec7-ijms-21-03462}
==============

In conclusion, the dietary pattern observed among porphyria patients was in line with current dietary trends. Usually, porphyria patients are not required to follow a special diet and recommendations are based on prevailing dietary guidelines for the general population. However, in AHP patients, high carbohydrate intake is greatly recommended as a part of a balanced diet that provides all essential nutrients. Although iron deficiency can compromise heme synthesis, iron supplements are not recommended since its excess can be harmful in several porphyrias. Adequate intake of antioxidants should be provided as a part of a balanced diet in addition to the use of antioxidant supplements as beneficial approach to reduce oxidative stress and cellular damage. Moreover, vitamin D supplements should be given to porphyria patients with cutaneous manifestations. However, nutritional recommendations to these individuals for the management of porphyria are still poorly met. It is necessary to translate these recommendations into guidelines, in order to formulate a personalized nutrition for each form of porphyria \[[@B119-ijms-21-03462]\] ([Figure 1](#ijms-21-03462-f001){ref-type="fig"}). To the best of our knowledge, this manuscript represents the first attempt to provide a broad overview about of metabolic and nutritional aspects of these rare diseases.
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ADP

ALA dehydratase deficient porphyria

AHP

Acute hepatic porphyria

AIP

Acute intermittent porphyria

αKGDH

α-Ketoglutarate dehydrogenase

AKT

Protein kinase B

ALAD

5-Aminolevulinate dehydratase

ALAS-1

5-Aminolevulinate synthase 1

ALAS-2

5-aminolevulinate synthase 2
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Bone mineral density

CAT

Antioxidant enzyme catalase

CEP

Congenital erythropoietic porphyria

CREB

cAMP response element-binding factor

DEXA

Dual-energy X-ray absorptiometry

ECP

Erythropoietic cutaneous porphyria
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European food safety authority
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Erythropoietic protoporphyria

FAD

Riboflavin
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FOXO 1

Forkhead box protein O1

GLR

Glucagon receptor
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GSH

Glutathione
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HCP

Hereditary coproporphyria

HCV

Hepatitis C virus

HEP

Hepatoerythropoietic porphyria

HFE

Hemochromatosis

HIV

Human immunodeficiency virus

IGF-1

Insulin-like growth factor 1

IRE

Insulin responsive element
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MDA
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25-hydroxyvitamin D
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Porphobilinogen

PCT
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PGC-1α

Peroxisomal proliferator-activated cofactor 1α

PHD

Pyruvate dehydrogenase

PI3K

Phosphoinositide 3-kinases

PKA

Protein kinase A

PLP

Pyridoxal-5-phosphate

PPIX

Protoporphyrin IX

PPOX

Protoporphyrinogen oxidase

PUFA

Polyunsaturated fatty acids

SFA

Saturated fatty acids

VP

Variegate porphyria

ZnPP

Zinc protoporphyrin

XLP

X-linked protoporphyria
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###### 

Characteristics of vitamins.

  Vitamins                   Fat-Soluble   Water-Soluble   Deficiency                           Main Foods                                                                     Nutraceuticals Characteristics
  -------------------------- ------------- --------------- ------------------------------------ ------------------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------
  Vitamin B6                               x               Rare                                 Meats, fishery products, offal, cereals, legumes, oilseeds.                    ⇒ Coenzyme for more than 100 enzyme reactions including glucose metabolism⇒ Involved in the first step of heme synthesis
  Beta-carotene (provit-A)   x                             Ultra-rare (more likely to exceed)   In most fruit, cereals, oils, green leafy vegetables.                          ⇒ Antioxidant proprieties⇒ Photo-protection in a healthy population⇒ Toxic dose ≥ 20 mg/day
  Vitamin E                  x                             Uncommon                             Nuts, plant seeds, plant oils.                                                 ⇒ Antioxidant proprieties⇒ Synergic action with vitamin C and glutathione reductase
  Vitamin C                                x               Uncommon                             Fresh fruits and vegetables (decreases with cooking and during the seasons).   ⇒ Antioxidant proprieties⇒ Required factor in the DNA demethylation process
  Vitamin D                  x                             Common                               Oily fish, liver oil, egg yolks, shiitake mushrooms, liver or organ meats      ⇒ Role in the skeletal constitution,⇒ Optimal dosage in serum to prevent bone disease 30 ng/mL

[^1]: These authors contributed equally to this work.
